This paper describes a research program in which the goal is to alter the thermal expansion coefficient of a composite solid lubricant coating, PS300, by compositional tailoring. PS300 is a plasma sprayed coating consisting of chrome oxide, silver and barium fluoride/calcium fluoride eutectic in NiCr binder. By adjusting the composition, the thermal expansion coefficient can be altered, and hence chosen, to more closely match a selected substrate preventing coating spallation at extreme temperatures. Thermal expansion coefficients (CTE) for a variety of compositions were measured from 25 to 800°C using a commercial dilatometer. The CTE's ranged from 7.0 to 13x10-6/°C depending on the binder content. Subsequent tribological testing of a modified composition indicated that friction and wear properties were relatively insensitive to compositional tailoring.
INTRODUCTION
A new high temperature lubricant composite coating, PS300, has been developed at the author's laboratory (ref. 1) .
PS300 is a chrome oxide based plasma sprayed coating with silver and barium fluoride/calcium fluoride solid lubricant additions in a NiCr binder. PS300 has been demonstrated in a pin-on-disk tribometer under a variety of sliding test conditions from 25 to 650°C. Published data demonstrates favorable friction and wear properties sliding against metal and ceramic counterfaces suggesting significant application potential for PS300 (refs. 2 and 3).
PS300 represents an improvement over a previously developed chrome carbide based coating, PS200 (ref. 4) . One improvement is that by basing the composition on chrome oxide, rather than chrome carbide, costly diamond grinding is not required. This is because chrome oxide is readily machined and polished with SiC abrasives. Another improvement is that chrome oxide is already fully oxidized minimizing the potential for high temperature oxidative degradation sometimes experienced by PS200 (ref. 5 ). In addition, at the author's facility, the PS300 composition was found to be easier to plasma spray then PS200 exhibiting less sensitivity to spray parameters and powder variations (ref. 1) . Despite these improvements, one major drawback of the new coating, PS300, has been identified. It is an unexpectedly low coefficient of thermal expansion (CTE). After repeated tests at 650°C and above, thermal cycle fatigue and coating spallation were observed for the PS300 deposited onto superalloy substrates.
It was initially assumed that, based upon a simple Rule of Mixtures (ROM) calculation, the CTE for PS300 would be approximately 12.0><10-6/°C. However, several preliminary experiments involving the plasma spray process suggested a significantly lower CTE. One experiment involved thermally stressing (exposing) coatings with varying thicknesses to assess the maximum temperature above which spalling occurred. It was found that as the coating thickness increased from 0.1 to 1.0 mm, spallation occurred at use temperatures which decreased from 850 to 350°C. These results suggested that significant residual thermal stresses were present in the coating. Another preliminary experiment involved preferentially heating or cooling the substrate during the spraying process to intentionally build in residual stresses to reduce or cancel ones caused by, an as yet unquantified, thermal expansion mismatch. This experiment, however, yielded no effect on coating adhesion.
To more conclusively investigate the reason(s) for the coating spallation, free-standing coating samples were made and tested for their expansion characteristics using a commercial dilatometer. Several coating compositions were tested and compared to known calibration standards.
Tribological pin-on-disk tests were thenconducted on a coating composition which displayed favorable/desirable expansion properties for application to superailoy substrates. In these tests, superalloy pins were slid against coated superalloy disks in a high temperature tribometer. Friction and wear properties were compared to the original PS300 coating.
EXPERIMENTAL MATERIALS
The nominal composition by wt. of PS300 is 60% Cr203, 20% NiCr and 10% each of Ag and BaF2/CaF 2 eutectic.
Alternate compositions contained increased NiCr binder content up to 60 wt% and decreased Cr203 and total lubricant content to 20 and 15 wt% respectively. Table I gives the exact compositions and coating designations. In addition to the PS300 coatings which utilized a NiCr binder, specimens were also prepared using two alternate binders made from Co-Ni-Cr and Ni-A1-Mo.
PREPARATION
The free standing dilatometer samples were made by plasma spraying simple powder blends of each composition into a pre-machined trough fabricated from aluminum. A salt-water treatment of this aluminum trough or mold prevented good adhesion and facilitated specimen removal. The molds were slightly over sized allowing finishing by grinding to achieve rectangular samples 6 mmx 12 mm x 25 mm. The plasma spray parameters used are given in table II and produced samples with nominally the composition of the starting blends. Composition was verified using a calibrated x-ray fluorescence technique. Figure 1 shows a cross section optical micrograph of a PS300 sample.
Thermal expansion standards made from Inconel X-750 and A1203 were ground from wrought and sintered feedstocks, respectively.
The expansion coefficients for these calibration standards were provided by the manufacturers.
Tribological test specimens were prepared by plasma spray coating of selected compositions onto Inconei -750 disks (65 mm diameter x 12 mm thick) to a thickness of 0.5 ram. The coated surfaces were ground to a thickness of 0.3 mm prior to sliding tests against hemispherically tipped 9.5 mm diamter x 25 mm long Inconel X-750 pins. More details regarding the tribological test procedures can be found in reference 1.
THERMAL EXPANSION MEASUREMENT
The thermal expansion coefficients (CTE's) of each sample were measured using a commercially available direct reading, contacting rod dilatometer. With this instrument, the samples rest against one end of an alumina trough and are held in place with a spring loaded rod placed inside a tube furnace and positioned such that the specimen is within the constant temperature zone of the furnace. Thermocouples placed in contact with the specimen are used to measure temperature. Specimen length is monitored by connecting the spring loaded positioning rod to an LVDT (Linear Variable   Differential Transformer) with a direct voltage readout. Both specimen temperature and specimen length are read directly by a computer data acquisition system which measures specimen length and temperature every minute.
To conduct a test, the specimen is loaded into the dilatometer instrument and then positioned in the furnace. The furnace is then heated over a two hour period to 800°C. After a 1/2 hour soak, the LVDT readout is zeroed and the computer data acquisition is begun. The specimen is then allowed to slowly cool by turning off the power to the furnace.
Automatic fans provide forced convection cooling to the outside of the furnace and yield a cooling rate of approximately 5°C/min. After 2-1/2 hours, the specimens are removed, inspected for dimensional stability, reloaded and re-tested to assess data reproduceability. TEST RESULTS ANDDISCUSSIONS Inanycase, several ofthecandidate compositions exhibited CTE's near that ofatypical superalloy substrate, Inconel X-750. One ofthem, PS304 wasselected fortribological testing. Theresults aregiven intable IV. It canbeseen thatPS304 gives comparable frictionandwear performance toPS300 despite adramatic change in composition, namely reversing theratioofNiCrbinder andCr203 hardening phases. Thislackoftribological sensitivity maybedue tothe retention ofapproximately thesame volume %oflubricants inPS304 compared toPS300. Thissuggests thatthelubricant additions playanimportant rolein thetriboperformance ofthiscomposite material system.
Theadhesion ofthePS304 coating wasfurther assessed byheating anInconel X-750 coated sample to900°C followed byshock cooling in awater bath. Nodelamination orspalling wasobserved. Thisresult confirms thatthermal expansion mismatch wastheprimary coating failure mode fortheoriginal PS300 composition.
Thedataalso suggest that thethermal expansion coefficient is largely controlled bytheNiCrbinder phase, namely itsnickel content. Figure 2plotsCTEvs .nickel wt%forallofthecompositions tested. Thedata generally fallin alinear pattern which isconsistent forother nickel systems described intheliterature (ref. 6) .Despite changes intheratios ofthe other constituents, nickel content appears todetermine expansion coefficient. Forexample, PS304 andPS305 have identical nickel content butsignificantly different lubricant (Agandfluoride) tohardener (Cr203) ratios yetbothexhibit essentially equal CTE's.
Binder chemistry appears toplayarolealso. PS321 and PS322 arebased onNiA1-Mo andPS310 andPS311 are based onCo-Cr. Theexpansion coefficients ofPS321 and PS322 fallontheplotoffigure2.Thisisnotsurprising, since thebinder used in PS321 andPS322 islargely (90%bywt)nickel. Theexpansion ofPS310 andPS311 onlyfallwithin thedata pattern when expansion isplotted against the%content ofnickel pluscobalt. This, however, isalsonotsurprisingsince bothnickel and cobalt have similar expansion andstiffness properties.
From these results, it appears thattoaffect expansion, aconstituent must exhibit bothhighstrength (stiffness elastic modulus) andanexpansion coefficient which significantly differs fromthebulkcomposites. Although theexpansion coefficient forbothsilver andthefluorides aretwotofourtimes greater thanforPS300, theconstituents aretoosoft (low elasticity modulus) toforce theharder phases (nickel andCr203) toexpand. Thus amore predictive andappropriate thermal expansion model would take intoaccount expansion coefficients and elastic moduli ofeach constituent aswell asvolumetric content andmorphology.
CONCLUDING REMARKS
Thethermal expansion coefficient ofthePS300 composite coating canbeeffectively altered through compositional tailoring. Theresults further indicate thatdespite significant changes inbinder tohardening phase content ratio, the tribological performance islargely unaffected. Thismay beduetothesimilar lubricant contents ofthecompositions tested. Nonetheless, thiscomposite system permits theselection ofacoating tomatch itsintended substrate and thus minimize thermal stress induced failures.
There appears tobealinear relation between nickel content andexpansion coefficient. Therefore, anempirical relationship between composition andtheCTEcanbeused without making additional CTEmeasurements. Tobe predictive, apurely theoretical model ofexpansion properties would need to account for coating morphology, constituent expansion and elastic moduli properties as well as volumetric considerations.
Based upon these results, PS300 coating system shows promise for providing lubrication to a wide variety of substrate operating over a large temperature range. 
